1. Introduction {#sec1-ijms-20-01058}
===============

Primary neuronal cultures from rodents are an important tool for the investigation of cellular and molecular mechanisms of neurotropic virus infections \[[@B1-ijms-20-01058],[@B2-ijms-20-01058]\]. Nevertheless, rodent cultures show limitations with respect to viruses that have a specific non-rodent host tropism. Moreover, rodent cultures do not always fully mirror the molecular characteristics of their human cellular counterparts. For instance, several investigations revealed that, regarding certain properties, canine glial cell preparations were more closely related to the human system than rodent ones \[[@B3-ijms-20-01058],[@B4-ijms-20-01058]\]. Therefore, the dog represents a species with increasing importance as a translational animal model \[[@B5-ijms-20-01058],[@B6-ijms-20-01058],[@B7-ijms-20-01058]\]. However, so far, few studies have investigated potential in vitro neuroinfectiology models in canines.

Canine distemper virus (CDV) is a paramyxovirus closely related to human measles virus and infects predominantly members of the order *carnivora* \[[@B8-ijms-20-01058],[@B9-ijms-20-01058]\]. It can lead to persistent infection of the central nervous system (CNS) with a restrictive neuronal infection \[[@B10-ijms-20-01058],[@B11-ijms-20-01058]\] that bears similarities with subacute sclerosing panencephalitis (SSPE), a devastating, late-onset neurological disease associated with human measles virus infection \[[@B8-ijms-20-01058],[@B12-ijms-20-01058],[@B13-ijms-20-01058]\]. To enter epithelial cells, CDV employs the surface molecule nectin-4 \[[@B14-ijms-20-01058]\], while signaling lymphocytic activation molecule (SLAM, CD150) represents its receptor on lymphocytes \[[@B15-ijms-20-01058]\]. The receptor through which CDV enters neurons is so far unknown. Therefore a thorough investigation of CDV neuronal infection in vitro is of particular interest, especially considering that obtained results might potentially also be extrapolated to the infection of neurons by human measles virus. Two CDV strains were selected for the infection of canine DRG neurons in this study, which have previously been shown to infect central and peripheral canine primary glial cells in vitro to a different extent \[[@B16-ijms-20-01058],[@B17-ijms-20-01058]\]. CDV R252 is a strain originally isolated from the spleen homogenate of an infected dog \[[@B18-ijms-20-01058]\] and has been shown, next to its main manifestation of demyelinating leukoencephalomyelitis, to lead to gray matter disease in the CNS of dogs in vivo \[[@B19-ijms-20-01058]\]. CDV-5804 PeGFP (eGFP = enhanced green fluorescent protein) has been produced out of a virus strain originally isolated from ferrets by the insertion of eGFP \[[@B20-ijms-20-01058]\]. Due to its eGFP-expression it provides the advantage of direct observation of infected neurons in living cultures. Moreover, whether CDV-5804 PeGFP can infect canine neurons, in vivo or in vitro, is so far unclear, which makes it an interesting target for investigation.

The establishment and detailed morphological characterization of neuronal cultures of dogs represents a prerequisite for future research into viral neuropathogenesis. However, the cultivation of canine primary neurons from the brain has so far only been successful when using neonatal dogs, which have to be killed explicitly for this purpose. In addition, neuronal cells undergo rapid changes regarding the expression of neurotransmitter receptors and ion channels as well as the development of specific neuronal subpopulations during early neuronal development \[[@B21-ijms-20-01058],[@B22-ijms-20-01058],[@B23-ijms-20-01058],[@B24-ijms-20-01058]\], indicating that fully differentiated neurons might be a more suitable tool to study diseases affecting mature animals. In contrast to neurons from the brain, dorsal root ganglion (DRG) neurons can be obtained from adult dogs, thus being fully differentiated. In addition, fresh post mortem tissue from adult dogs is sporadically available during routine necropsy or from control animals of unrelated studies. Therefore, cultivation of adult canine DRG neurons serves the principle of reducing, replacing and refining animal experiments (3R principle \[[@B25-ijms-20-01058]\]).

Although rodent DRG neurons are already used on a regular basis in manifold studies including investigations upon toxicity, neurophysiology, neuropathic pain, and nociception \[[@B26-ijms-20-01058],[@B27-ijms-20-01058],[@B28-ijms-20-01058],[@B29-ijms-20-01058],[@B30-ijms-20-01058]\], cultivation of canine DRG neurons has only relatively recently been established \[[@B31-ijms-20-01058],[@B32-ijms-20-01058]\]. Although it is easier to obtain fresh post-mortem tissues from adult dogs compared to neonatal ones, their limited and sometimes unpredictable availability and the time-consuming isolation and culturing procedures of canine DRG neurons still present a challenge for their large-scale routine use in cell culture. Therefore, the establishment of a long-term storage protocol would be highly advantageous for future experiments. Cryopreservation of canine DRG-neurons would moreover allow repeated experiments with cells from the same source and establish a regularly available cell pool, consequently improving the planning and management of experiments including virus infection. Studies investigating the possibility of cryopreservation of primary canine DRG neurons are currently lacking. So far, most studies on the cryopreservation of primary nerve cells or tissue fragments have focused on fetal and neonatal rats or mice \[[@B33-ijms-20-01058],[@B34-ijms-20-01058]\], cell-lines \[[@B35-ijms-20-01058],[@B36-ijms-20-01058]\], or stem cells \[[@B37-ijms-20-01058],[@B38-ijms-20-01058],[@B39-ijms-20-01058],[@B40-ijms-20-01058]\]. There are only very few studies on postnatal rats or mice \[[@B41-ijms-20-01058],[@B42-ijms-20-01058],[@B43-ijms-20-01058],[@B44-ijms-20-01058]\]. Besides rodent neurons, cryopreservation has also been successfully applied to neurons isolated from fetal cynomolgus monkeys \[[@B45-ijms-20-01058]\], sheep \[[@B46-ijms-20-01058]\], bovines \[[@B47-ijms-20-01058]\], and humans \[[@B48-ijms-20-01058],[@B49-ijms-20-01058],[@B50-ijms-20-01058]\]. Although cryopreservation of cells of any kind naturally results in a loss of cell-yield and viability \[[@B51-ijms-20-01058]\], the majority of these studies did not report a significant effect of cryopreservation upon neuronal morphology \[[@B38-ijms-20-01058],[@B41-ijms-20-01058],[@B45-ijms-20-01058],[@B48-ijms-20-01058],[@B52-ijms-20-01058],[@B53-ijms-20-01058]\], electrophysiological properties \[[@B34-ijms-20-01058],[@B45-ijms-20-01058]\], and neurite outgrowth behavior \[[@B34-ijms-20-01058],[@B41-ijms-20-01058],[@B44-ijms-20-01058]\], thus indicating that cultivation of cryopreserved neuronal cells represents a promising approach.

Therefore, in order to set up a basis for future neuroinfectiology experiments using canine DRG neurons as a potentially promising in vitro model system, the present study aimed (i) to establish canine DRG neurons as an in vitro model for infection with CDV; and (ii) to determine whether DRG neurons are cryopreservable and remain infectable with CDV.

2. Results {#sec2-ijms-20-01058}
==========

2.1. Non-Infected Cultures, Non-Cryopreserved and Cryopreserved: Neuronal Morphology, Cell Yield, Viability, and Cleaved Caspase 3-Expression {#sec2dot1-ijms-20-01058}
---------------------------------------------------------------------------------------------------------------------------------------------

Neurons within non-cryopreserved (non-cryo) and cryopreserved (cryo) cultures were adherent to the culture dish and had large, granular cell-bodies with a phase-bright halo ([Figure 1](#ijms-20-01058-f001){ref-type="fig"}). Phase contrast microscopical observation at 24 h in culture revealed the presence of neurons showing outgrowth of multiple branched neurites within bot non-cryo and cryo cultures. Accompanying glial cells were spindeloid, mostly bi- and sometimes multipolar, and had extended delicate processes ([Figure 1](#ijms-20-01058-f001){ref-type="fig"}). Overall, there was a significant reduction in neuronal cell-yield (*p* \< 0.05; Mann-Whitney U-test) and viability (*p* \< 0.05; Mann-Whitney U-test) in the cryo group ([Figure 2](#ijms-20-01058-f002){ref-type="fig"}A,B). Neuronal cell yield in cell-suspensions of non-cryo cultures averaged 7000 neurons per dog (+/− 1507.07), while cryo cultures yielded a mean of 3457 neurons per dog (+/− 1920.81). Therefore, a mean of 46.67% (+/− 19.7) of neurons were still present in cell suspensions after thawing. The average number of neurons present within each well at 6 days in vitro (DiV) was also significantly higher (*p* \< 0.05; Mann-Whitney U-test) in non-cryo than in cryo cultures ([Table 1](#ijms-20-01058-t001){ref-type="table"}), accounting for a mean neuronal viability of 17.31% (+/− 9.1) in non-cryo and 12.03% (+/− 10.4) in cryo cultures. The absolute number of non-neuronal cells (glial cells) was additionally significantly reduced (*p* \< 0.001; Mann-Whitney U-test) in cryo cultures ([Table 1](#ijms-20-01058-t001){ref-type="table"}). Nevertheless, the proportion of neurons and glial cells and thus the overall-composition of the cultures was not significantly altered ([Table 1](#ijms-20-01058-t001){ref-type="table"}). The mean soma area of non-cryo neurons (1175.52 µm^2^ +/− 646.12) was significantly larger (*p* \< 0.001; Mann-Whitney U-test) than that of cryo neurons (793.6 µm^2^ +/− 399.47; [Figure 2](#ijms-20-01058-f002){ref-type="fig"}C). The percentage of neurons with a diameter larger than 40 µm (referred to in literature as type A neurons; \[[@B54-ijms-20-01058]\]) was significantly decreased following cryopreservation (*p* \< 0.001; Fisher's exact test) from 34.7% in non-cryo cultures to 11.43% in cryo cultures. A significantly higher (*p* \< 0.01; Mann-Whitney U-test) percentage of non-cryo neurons (9.11% +/− 8.85) expressed the apoptotic marker cleaved Caspase 3 when compared to cryo neurons (0.68% +/− 1.63) ([Figure 2](#ijms-20-01058-f002){ref-type="fig"}D).

2.2. Non-Infected Cultures, Non-Cryopreserved and Cryopreserved: Neurite-Outgrowth {#sec2dot2-ijms-20-01058}
----------------------------------------------------------------------------------

At 6 DiV, a mean of 67.42% (+/− 15.58) of neurons within the non-cryo cultures showed neurite-outgrowth, while the percentage of neurons showing neurite outgrowth was significantly reduced in the cryo cultures to a mean of 10.82% (+/− 10.73; *p* \< 0.001; Mann-Whitney U-test; [Figure 3](#ijms-20-01058-f003){ref-type="fig"}A,E--H). Within the population of neurons showing neurite-outgrowth, the number of primary neurites per neuron at 6 DiV was significantly higher in non-cryo cultures (mean: 5.88 primary neurites/ neuron +/− 4.39) compared to cryo cultures (mean: 3.17 primary neurites/ neuron +/− 2.01; *p* \< 0.01; Mann-Whitney U-test; [Figure 3](#ijms-20-01058-f003){ref-type="fig"}B,E--H). The average number of neurite-branching points per neuron in non-cryo cultures was 11.78 branching points/ neuron (+/− 9.94), whereas in cryo cultures it was significantly reduced to 6.58 branching points/ neuron (+/− 5.68; *p* \< 0.01; Mann-Whitney U-test; [Figure 3](#ijms-20-01058-f003){ref-type="fig"}C,E--H). There was no significant difference in the length of the longest neurite per neuron, which measured a mean 302.97 µm (+/− 135.22) in non-cryo and 275.42 µm (+/− 126.99) in cryo neurons ([Figure 3](#ijms-20-01058-f003){ref-type="fig"}D). Due to the significant differences regarding neurite outgrowth and neurite branching observed in cryo compared to non-cryo neurons, morphometric analysis was additionally performed at 12 DiV for cryo neurons in order to find out whether their neurite ourgrowth improves over time in culture. This was not the case: when comparing cryo cultures at 6 and 12 DiV, there was no significant difference in any of the investigated parameters (percentage of neurons showing neurite-outgrowth, number of primary neurites, number of branching points, length of longest neurite; [Figure 3](#ijms-20-01058-f003){ref-type="fig"}A--D).

2.3. Non-Cryopreserved and Cryopreserved Cultures: Susceptibility to Canine Distemper Virus (CDV) Infection {#sec2dot3-ijms-20-01058}
-----------------------------------------------------------------------------------------------------------

CDV-5804 PeGFP-infected neurons were directly traceable via eGFP-expression in living neuronal cultures. They were observed in non-cryo and cryo cultures as soon as 2 dpi. Quantitative evaluations of the percentage of neurons infected by both virus strains (CDV-5804 PeGFP and CDV R252) were carried out at 6 days post-infection (dpi). At this point, a significantly higher percentage of neurons (*p* \< 0.001; Mann-Whitney U-test) in both non-cryo and cryo cultures were infected by CDV R252 (non-cryo mean: 49.32% +/− 23.19; cryo mean: 11.5 +/− 10.9) compared to CDV-5804 PeGFP (non-cryo mean: 7.89% +/− 8.21; cryo mean: 0.47% +/− 0.88; [Figure 4](#ijms-20-01058-f004){ref-type="fig"}). A significantly higher percentage of neurons (*p* \< 0.001; Mann-Whitney U-test) was infected by both virus strains in non-cryo compared to cryo cultures ([Figure 4](#ijms-20-01058-f004){ref-type="fig"}). Absolute numbers of infected neurons in non-cryo cultures ranged from 0--32 infected neurons per well in CDV R252-infected cultures and 0--5 infected neurons per well in CDV-5804 PeGFP-infected cultures. Cryo cultures showed 0--11 infected neurons per well in the case of CDV R252 and 0--3 infected neurons per well in the case of CDV-5804 PeGFP. While CDV R252-infected neurons were observed in non-cryo and cryo cultures for all 8 dogs investigated, CDV-5804 PeGFP-infected neurons were not observed in 1 out of 8 dogs in non-cryo and in 4 out of 8 dogs in cryo cultures. For both investigated virus strains, viral antigen was observed in the cell body of neurons ([Figure 5](#ijms-20-01058-f005){ref-type="fig"}). In addition CDV R252 viral protein was rarely observed within neurites of infected neurons ([Figure 5](#ijms-20-01058-f005){ref-type="fig"}). Neurons infected with either virus strain did not show any morphological alterations visible in phase contrast microscopy.

3. Discussion {#sec3-ijms-20-01058}
=============

The present study aimed to establish canine DRG neurons as a promising in vitro model system to study the neuropathogenesis of neurotropic virus infections with a non-rodent host spectrum, such as CDV, a disease affecting mainly carnivores. Furthermore, the possibility of cryopreserving canine DRG neurons and its effect upon their infectability with CDV were tested in order to make this in vitro system more accessible for a large scale routine use in cell culture.

The results revealed that morphologically intact neurons showing neurite outgrowth can be recovered after cryopreservation of dissociated canine DRG neurons. The percentage of neurons within the cultures was not altered, when compared with non-cryo cultures, and the cryo neurons were shown to be able to remain in culture for at least 12 days. Neurite-bearing neurons were observed within both non-cryo and cryo cultures at 24 h in culture. Nonetheless, the absolute number of neurons (cell yield) as well as the viability, the percentage of neurons showing neurite-outgrowth, the number of primary neurites per neuron, the neurite-branching and the susceptibility to infection with CDV were significantly reduced in cryo compared to non-cryo neurons. Those results indicate that cryo canine DRG neurons represent a practicable alternative to non-cryo neurons, but that they are not completely representative of their non-cryo counterpart. This observation is in contrast to numerous studies upon the cryopreservation of fetal \[[@B33-ijms-20-01058],[@B34-ijms-20-01058]\] and neonatal \[[@B41-ijms-20-01058],[@B44-ijms-20-01058]\] rodent neurons.

A standard cryopreservation procedure was selected in the present study, which has previously been successfully applied to postnatal rat DRG-neurons \[[@B44-ijms-20-01058]\] and includes freezing of the dissociated neurons in a cryopreservation medium with a DMSO-content of 10%, dropping of the temperature at a rate of 1 °C per minute, and rapidly thawing the neurons in a water bath at 37 °C. In general, cryopreservation of cells results in a loss of cell yield and viability \[[@B51-ijms-20-01058]\], which was an expected observation in the current study. Cryo canine DRG neurons showed a viability of 12.03% at 6 DiV, which is lower than in studies investigating cryopreservation of neonatal rat neurons (\[[@B43-ijms-20-01058]\]: 28.6 +/− 2.7%) or neurons from rat fetuses (\[[@B33-ijms-20-01058]\]: 90.2%). This observation can be explained by the fact that mature (adult) neurons are more vulnerable to experimental processing than immature (fetal) neurons \[[@B39-ijms-20-01058]\] in general and thus yield less viable cells to start with. Furthermore, in most of the reviewed studies the viability of the neurons was determined in dissociated cell suspensions directly after isolation or thawing, respectively \[[@B33-ijms-20-01058],[@B39-ijms-20-01058]\], not taking into account that there is often great neuronal loss during the first 24 h in culture \[[@B50-ijms-20-01058]\]. In the present study, on the other hand, the viability was assessed on the basis of the ability of neurons to survive in culture until 6 DiV, therefore including the loss of neurons taking place during the first days in culture. This might additionally account for part of the relatively low viability observed in comparison to other studies.

The loss of cells in the present study was not limited to neurons but also affected glial cells, leading to an overall unchanged proportion of neurons and glial cells as similarly observed in studies using human fetuses \[[@B49-ijms-20-01058]\] and rat fetuses \[[@B33-ijms-20-01058]\]. This is in contrast to a study using bovine fetuses \[[@B43-ijms-20-01058]\]. A low percentage of neurons within both cryo and non-cryo cultures, as in the present case, has also been observed in a study using cerebral neurons of rat fetuses \[[@B33-ijms-20-01058]\] and can be attributed to the fact that glial cells proliferate, while neurons are in a post-mitotic state. The fact that the investigated cultures consist of a mixture of both neurons and DRG glial cells represents one limitation of the present study. The presence of non-neuronal cells certainly has an influence upon neuronal viability and functional characteristics and thus the establishment of pure glial cell-free canine DRG cultures could represent a promising goal for future studies upon the effects of neuronal CDV infection. However, cultures consisting of both neurons and glial cells also provide a model that more closely mimics the natural environment in order to study the pathogenesis of CDV infection and thus there is a strong legitimation for neuroinfection research on such mixed cultures.

Regarding the morphology of non-cryo and cryo neurons, cells with a typical neuronal morphology and attachment to the culture dish were observed in both non-cryo and cryo cultures in the present study. Nevertheless, when considering neurite outgrowth as a functional readout, there was a significant decline in cryo compared to non-cryo cultures regarding the percentage of neurons showing neurite outgrowth, number of primary neurites and branching points formed. This might seem surprising, considering the fact that there are numerous studies stating that non-cryo and cryo neurons from different species are morphologically indifferent \[[@B33-ijms-20-01058],[@B35-ijms-20-01058],[@B38-ijms-20-01058],[@B41-ijms-20-01058],[@B45-ijms-20-01058],[@B48-ijms-20-01058],[@B50-ijms-20-01058]\]. But at a second glance, most of those studies are lacking an objective quantification of neurite outgrowth and branching points. Only a few studies have investigated this in detail \[[@B34-ijms-20-01058],[@B44-ijms-20-01058]\], indicating that the change in those parameters might have been neglected before in cryo neurons. One of the reasons for the decreased neurite outgrowth observed in the cryo neurons might be the fact that, even though relative proportions of neurons and glial cells were unchanged, there was an absolute decline of glial cell numbers within the cryo cultures. In fact, the phenotype of glial cells (satellite glial cells) within canine DRG has been recently characterized in detail in situ and in vitro \[[@B32-ijms-20-01058]\]. The latter study revealed the presence of a unique glial cell population with characteristics of astrocytes, oligodendrocytes, and precursor cells as well as neurite outgrowth-promoting effects. At 2 DiV the majority of non-neuronal cells within non-cryo canine DRG neuronal cultures express GFAP (glial fibrillary acidic protein; median: 85%; min.--max.: 84--92%), CNPase (2',3'-cyclic-nucleotide 3'-phosphodiesterase; median. 78%; min.--max.: 77--83%) and Vimentin (median: 82%; min.--max.: 77--84%), whereas only 11% (min.--max.: 9--19%) of them express S100. Interestingly, the majority of the glial cells co-express GFAP and CNPase (median: 72%; min.--max.: 71--75%), which are typical markers for astrocytes and oligodendrocytes, respectively (unpublished data, generated from DRG neuronal cultures of 5 healthy beagle dogs). Different types of canine glial cells have further been shown to promote neurite-outgrowth in a human neuronal cell line (hNT2; \[[@B55-ijms-20-01058]\]). Therefore, the reduced density of glial cells within the wells of cryo canine DRG neurons may indeed represent one factor that explains the decreased neurite outgrowth, observed in the present study. Consequently, there is a need for further studies investigating whether the co-culture of cryo canine DRG neurons with canine satellite glial cells can improve their neurite outgrowth.

The present study revealed that the average length of the longest neurite was unchanged in cryo compared to non-cryo neurons, indicating that those neurites present were not impaired in terms of their growth capacity. Another interesting observation was the reduction of soma size and percentage of neurons measuring more than 40 µm in diameter following cryopreservation. DRG neurons can be subdivided according to their size into larger neurons (bright cytoplasm, 30--75 µm in diameter, previously referred to as type A neurons) and smaller neurons (dark cytoplasm, 15--40 µm in diameter, previously referred to as type B neurons; \[[@B54-ijms-20-01058]\]). The reduction of soma size and diameter of cryo neurons could indicate a more pronounced effect of cryopreservation upon DRG sensory neurons with a diameter larger than 40 µm. Recent studies using large-scale single-cell RNA sequencing have revealed 11 functionally different types of sensory neurons within the DRG of mice with marked differences in molecular characteristics and the stimuli they react to \[[@B56-ijms-20-01058]\]. An immunohistological study of canine DRG neurons in situ revealed that around 20% of the sensory neurons expressed calcitonin gene-related peptide (CGRP), which is a marker for peptidergic neurons \[[@B57-ijms-20-01058]\]. It was expressed in small to medium-sized neurons, which is in accordance with in vitro observations on murine DRG neurons \[[@B58-ijms-20-01058]\]. On the other hand, isolectin B4-positive, non-peptidergic neurons have been detected independent of soma size in mice \[[@B58-ijms-20-01058]\], indicating that no conclusions upon the functional subtype of sensory neurons can be drawn from the soma-size alone. Previous data revealed that the majority (median: 70%, min.--max.: 67--73%; unpublished data generated from DRG neuronal cultures of 5 healthy beagle dogs) of canine DRG neurons with a diameter larger than 40 µm express the p75 neurotrophin receptor (p75^NTR^) in vitro at 2 DiV, which is a receptor for nerve growth factor (NGF). Since the division of DRG neurons into subtypes according to their diameter represents a merely morphological classification, further investigations on the impact of cryopreservation upon different functional subtypes of sensory neurons, namely peptidergic and non-peptidergic neurons, will be needed in future.

Since apoptosis as opposed to necrosis was found to be the major mechanism of cell death during cryopreservation \[[@B59-ijms-20-01058]\], the expression of cleaved caspase 3 was comparatively investigated in non-cryo and cryo neurons at 6 DiV. Cleaved caspase 3 is an executioner caspase playing an important role in the final phase of apoptosis. In the present study, there was no increased expression of the apoptotic marker in cryo neurons. Surprisingly, the contrary was the case: The expression of the apoptotic marker was significantly reduced in cryo compared to non-cryo neurons. This indicates that, at least at 6 DiV, apoptosis does not seem to be a major issue of cell death in cryo canine DRG neurons. On the other hand, cryo neurons that underwent apoptosis due to freezing and thawing might simply not be detectable anymore in cryo cultures at 6 DiV due to lack of attachment to the culture plates of dead or dying neurons \[[@B60-ijms-20-01058],[@B61-ijms-20-01058]\]. Whether the success of cryopreservation of canine primary DRG neurons can be enhanced by caspase-inhibition prior to freezing, as observed in human embryonic stem cell-derived neurons \[[@B39-ijms-20-01058]\], remains to be investigated.

Regarding CDV infection and irrespective of cryopreservation, a higher susceptibility of primary canine DRG neurons to infection with the neurotropic, CDV strain R252 was observed in comparison to the mustelid strain CDV-5804 PeGFP. This observation is not surprising, considering the fact that CDV-5804 PeGFP \[[@B20-ijms-20-01058]\] is a virus strain originally isolated from ferrets, while CDV R252 \[[@B18-ijms-20-01058]\] is a neurotropic strain isolated from an infected dog and, therefore, more prone to infect canine neurons than CDV-5804 PeGFP. Similar results have also been obtained in in vitro studies infecting canine schwann cells, schwann cell-like brain glia, fibroblasts and olfactory ensheathing cells \[[@B17-ijms-20-01058],[@B62-ijms-20-01058]\]. Regarding the comparative infection of non-cryo and cryo canine DRG neurons, a reduced susceptibility to CDV infection has been observed in cryo neurons. This is in contrast to a previous publication comparatively investigating the infection by GFP-expressing lentiviruses of cortical neurons derived from mouse embryos, where a similar infection efficiency was observed in non-cryo and cryo neurons \[[@B34-ijms-20-01058]\]. The reduced infectability of the cryo DRG neurons with CDV observed in the present study is possibly due to alterations in certain membrane-bound molecules provoked by cryopreservation. Since the receptor on the cell membrane of neurons that CDV uses to enter those cells is unidentified so far, further investigations on this will be needed in the future. The very low absolute numbers of non-cryo and cryo neurons infected by CDV-5804 PeGFP observed in the current study and the fact that not all of the investigated 8 dogs provided DRG neurons (both non-cryo and cryo) that were infectable with this virus strain considerably hamper further investigations upon the impact of CDV infection upon neuronal morphology, neurite outgrowth, branching of neurites and other parameters. Thus, the data indicate that this particular CDV strain might not be as suitable as CDV R252 to study CDV neuronal infection in vitro. Nevertheless, it is an interesting and worth mentioning observation that not only mustelid, but also canine neurons are in general susceptible to infection by CDV-5804 PeGFP.

In conclusion, the use of cryo canine DRG neurons represents a possible alternative to non-cryo neurons, especially considering the better planning of experiments, the possibility to conduct multiple experiments with neurons from one animal, the irregular availability of post-mortem tissue from adult dogs for tissue sampling, and in order to fulfill the aim of reducing and refining animal experiments. Regardless, canine DRG neurons derived from cryo cultures should be thoroughly investigated regarding their morphology and only morphologically intact neurons showing neurite outgrowth should be used for further experiments. Special care should be taken when interpreting results of studies involving virus infection with cryo neurons, particularly regarding the percentage of infected neurons, as this cannot be extrapolated directly to non-cryo neurons. For future investigations upon CDV neuronal infection, CDV R252 should be preferably used as opposed to CDV-5804 PeGFP, as it provides higher absolute numbers of CDV-infected neurons to allow for further investigations. The present study represents the first report of in vitro CDV infection of canine DRG neurons, and its usefulness as an in vitro model for CDV neuronal infection, which is essential for future pathomechanistical investigations. Furthermore, it provides the basis for further studies identifying the so far unknown neuronal receptor for CDV.

4. Materials and Methods {#sec4-ijms-20-01058}
========================

4.1. Isolation and Cultivation of Primary Canine Dorsal Root Ganglion Neurons {#sec4dot1-ijms-20-01058}
-----------------------------------------------------------------------------

Dorsal root ganglia (DRG) were obtained from 3 female and 5 male, 6 months old, healthy Beagle dogs, which were control animals from an unrelated study (33.19-42502-05-16A043). No animals were killed for the purpose of this particular study. The experiments were approved by the Lower Saxony State Office for Consumer Protection and Food Safety (permission number: 16A 024). Isolation and dissociation of primary DRG neurons was performed as described previously \[[@B31-ijms-20-01058]\] with slight modifications. Briefly, surrounding fat and connective tissue as well as blood vessels were removed from the DRG and they were minced and kept on ice in Hanks's balanced salt solution (HBSS) 1x (Gibco, Life Technologies; Paisley, UK). Consequently, they were digested with type IV and type XI collagenase, type IV hyaluronidase and trypsin (Sigma-Aldrich Chemie GmbH; Taufkirchen, Germany) for 60 min at 37 °C. Afterwards, they were dissociated using successively narrowed, flame-constricted Pasteur pipettes and the addition of DNase I (Roche Diagnostics GmbH; Mannheim; Germany). Cells were centrifuged and resuspended in Dulbecco's modified Eagle's Medium (DMEM; Gibco, Life Technologies; Paisley, UK) supplemented with 10% fetal calf serum (FCS; PAA Laboratories GmbH; Pasching, Austria) and neurons were separated from the other cells using a two-step Percoll-gradient (25% and 27%) (GE HealthCare BioSciences, Fisher Scientific; Rockford, Tempe, AZ, USA). Neurons were resuspended in Sato's medium \[[@B63-ijms-20-01058]\], counted in a Neubauer chamber (Roth C. GmbH & CO KG; Karlsruhe, Germany), and plated at a density of 150 neurons per well in half-area 96 well microtiter plates (Nunc GmbH & CO KG; Wiesbaden, Germany) coated with poly-L-lysin (100 µg/mL; Sigma-Aldrich Chemie GmbH; Taufkirchen, Germany) and laminin (Becton, Dickinson and Company; Franklin Lakes, NJ, USA). Neurons were identified in the Neubauer chamber by their large, round, granular cell-body, which was surrounded by a phase-bright halo \[[@B46-ijms-20-01058]\]. Neurons were maintained in Sato's medium supplemented with 1% bovine serum albumin (BSA; Sigma-Aldrich Chemie GmbH; Taufkirchen, Germany) and 2.1 ng/100 µL nerve growth factor (NGF; Peprotec Inc., Tebu-Bio; Frankfurt, Germany). Cultures were kept in an incubator at 37 °C and 5% CO~2~. Twice weekly 60% of the medium was exchanged with fresh medium. Non-cryo and cryo neurons were observed by phase contrast microscopy at 24 h in culture in order to study their morphology and assess the general presence of neurite outgrowth. Quantification of neurite outgrowth was carried out after fixation and immunofluorescence at 6 DiV ([Figure 6](#ijms-20-01058-f006){ref-type="fig"}).

4.2. Cryopreservation and Cell Yield {#sec4dot2-ijms-20-01058}
------------------------------------

Cryopreservation of DRG neurons was performed according to a previously published protocol with slight modifications \[[@B44-ijms-20-01058]\]. After dissociation, half of the cells obtained from each animal were directly seeded, and the other half was resuspended in 1 mL freezing medium containing 10% dimethylsulfoxid (DMSO; Sigma-Aldrich Chemie GmbH; Steinheim, Germany) as cryoprotective agent, 31.5% FCS, 0.65% penicillin-streptomycin (PS, PAA Laboratories GmbH; Pasching, Austria) and 57.85% minimum essential medium with Earle's salts (MEM Earle's; Biochrom GmbH; Berlin, Germany). Cells were transferred into cryo vials (Thermo Fisher Scientific; Roskilde, Denmark), placed into a freezing container (Thermo Scientific Nalgene; Waltham, MA, USA) and cooled down to −80 °C at a cooling rate of −1 °C/minute. After 24 h, they were placed into liquid nitrogen (−196 °C). After 3 months, cells were thawed at 37 °C and the content of each cryo vial was transferred into 5 mL Sato's medium (37 °C). In order to remove the cryoprotectant, cells were centrifuged and the pellets were resuspended in 1 mL Sato's medium supplemented with 1% BSA and 2.1 ng/100 µL NGF. Neurons were counted in a Neubauer-chamber and the neuronal cell yield (total number of neurons present in the cell suspension) was calculated for each dog (*n* = 8). Thereafter, cells were seeded analogous to the non-cryopreserved cells.

4.3. Virus Strains and Virus Infection {#sec4dot3-ijms-20-01058}
--------------------------------------

For virus infection of canine DRG neurons, 2 different strains of CDV were used: The mustelid strain CDV-5804 PeGFP, which has been produced from a wild-type strain lethal for ferrets by inserting an enhanced green fluorescent protein (eGFP) (kindly provided by V. von Messling; \[[@B20-ijms-20-01058]\]) and the neurotropic strain CDV R252 (kindly provided by S. Krakowka, Ohio State University, Columbus, OH, USA), which was originally isolated from the spleen homogenate of a naturally infected dog \[[@B16-ijms-20-01058],[@B18-ijms-20-01058]\]. Non-cryopreserved and cryopreserved cultures were infected with CDV at 6 DiV ([Figure 6](#ijms-20-01058-f006){ref-type="fig"}). The culture medium was removed and the cells were washed twice with MEM Earle's containing 1% PS to remove residual serum-containing culture medium. The virus was added diluted in cold (4 °C) MEM Earle's containing 1% PS at a multiplicity of infection (MOI) of 1000 virus particles per neuron. Cultures were incubated at 37 °C and 5% CO~2~ for 2--3 h before removing the virus dilution, washing twice with MEM Earle's containing 1% PS and adding fresh Sato's medium supplemented with 1% BSA and 2.1 ng/100 µL NGF. All media containing viruses were handled on ice. Non-infected control cultures for each virus were handled the same way, except that they were incubated with cold (4 °C) MEM Earle's containing 1% PS only, instead of virus dilution. At 3 dpi, 60% of the medium of the cultures was replaced by fresh medium. Cultures were fixed at 6 dpi using paraformaldehyde (4%) and mounted with phosphate-buffered saline (PBS) for further processing.

4.4. Immunofluorescence {#sec4dot4-ijms-20-01058}
-----------------------

To identify DRG neurons within the cultures, quantify their neurite outgrowth, detect apoptotic neurons, and evaluate their infection with CDV, the cultures were stained with anti-human neurofilament protein (NF) antibody (2F11; mouse monoclonal; 1:100; Dako GmbH, Jena, Germany), anti-cleaved caspase 3 antibody (Asp175; rabbit polyclonal; 1:900; Cell signaling Technology; Frankfurt am Main, Germany), anti-CDV nucleoprotein antibody (D110; mouse monoclonal; 1:400; kindly provided by Prof. A. Zurbriggen; Vetsuisse faculty, University of Bern, Bern, Switzerland), and a directly fluorescent antibody against the heavy neurofilament protein (NF-H AF488; NF-01; mouse monoclonal; 1:500; Novus Biologicals; Abingdon, UK) in order to double-stain CDV nucleoprotein and neurons in CDV R252-infected cultures. On 6 (cryopreserved and non-cryopreserved) and 12 DiV (cryopreserved; [Figure 6](#ijms-20-01058-f006){ref-type="fig"}), cells were washed with PBS and fixed with paraformaldehyde (4%) for 20 min. For identification of the intracellular antigens, cells were permeabilized with PBS supplemented with 0.25% TritonX (PBST; Merck; Darmstadt, Germany). Unspecific bindings were blocked with goat serum (5%) and cultures were incubated with primary antibodies overnight at 4 °C. Specificity of immunostaining was verified by omitting primary antibodies as well as the presence of cell-specific staining patterns. The next day, cultures were washed with PBST and secondary antibodies were added according to the host species of the primary antibodies at a dilution of 1:200 (Cy^TM^3-conjugated goat anti-rabbit IgG antibody, Cy^TM^3-conjugated goat anti-mouse IgG antibody: Jackson ImmonoResearch Laboratories; Hamburg, Germany; Alexa Fluor 488-conjugated goat-anti-mouse IgM antibody: Invitrogen, Life Technologies; Paisley, UK) and incubated for 2 h at room temperature. Afterwards, nuclear staining of the cultures was performed with bisBenzimide (Sigma-Aldrich Chemie GmbH; Taufkirchen, Germany). For further investigations, cultures were mounted with PBS.

4.5. Comparative Analysis of Cell Morphology, Viability, Cleaved Caspase 3-Expression and Neurite Outgrowth of Non-Infected, Non-Cryopreserved and Cryopreserved Neurons {#sec4dot5-ijms-20-01058}
------------------------------------------------------------------------------------------------------------------------------------------------------------------------

Phase contrast and fluorescence microscopy of the cultures were performed using an inverted fluorescence microscope (Olympus IX70-S8F2; Olympus Life Science Europe GmbH; Hamburg, Germany) and a reflected fluorescence system (Olympus U-RFL-T; Olympus Life Science Europe GmbH; Hamburg, Germany). Photomicrographs were taken using the Olympus Microscope Digital Camera DP72 as well as the imaging software cell\^F (Olympus Soft Imaging Solutions GmbH; Münster, Germany). The morphology of the neurons was observed using phase contrast microscopy while in culture and fluorescence microscopic images were acquired after fixation and immunolabelling at DiV 6 and 12, respectively ([Figure 6](#ijms-20-01058-f006){ref-type="fig"}). Viable neurons were defined as cells, which were (i) still present and adherent to the substrate of the culture dish at 6 DiV, (ii) showed a morphologically intact, round cell-body with a phase-bright halo and a clearly visible, round nucleus and (iii) expressed NF \[[@B43-ijms-20-01058],[@B46-ijms-20-01058],[@B49-ijms-20-01058],[@B60-ijms-20-01058]\]. Neuronal viability was calculated as the percentage of neurons originally seeded that were still viable at 6 DiV. To determine the percentage of neurons and non-neuronal cells (glial cells) within the cultures, photomicrographs from 10 randomly selected visual fields per well in a 200× magnification were taken for each non-cryo and cryo neurons at 6 DiV. Using bisBenzimide nuclear staining, the number of NF-expressing cells and the total number of cells was counted and the percentage of NF-positive cells was calculated for each well (*n* = 24 for each non-cryo and cryo). For evaluation of cleaved Caspase 3-expression, photomicrographs of the neurons within 12 wells were taken for each condition (non-cryo and cryo) at a magnification of 200×. Neurons double-labelled for NF and cleaved Caspase 3 were counted, and the percentage of neurons expressing cleaved Caspase 3 at 6 DiV was calculated for each well. In total, 242 non-cryo and 238 cryo neurons were evaluated. For determination of the percentage of neurons showing neurite outgrowth, all neurons stained for NF within each well under each condition were counted at 6 DiV (non-cryo and cryo) and 12 DiV (cryo), and the percentage of neurons which showed outgrowth of at least 1 neurite was determined for each well (*n* = 24 wells for each non-cryo, cryo 6 DiV and cryo 12 DiV). In total, 623 neurons were counted for non-cryo, 433 neurons for cryo 6 DiV and 471 for cryo 12 DiV. Morphometric analysis was performed using the Imaging software analySIS 3.1 (Olympus Soft Imaging Solutions GmbH; Münster, Germany) according to a previously published protocol with slight modifications \[[@B64-ijms-20-01058]\]. For determination of soma area, number of primary neurites, branching points, and length of longest neurite, photomicrographs from 10 randomly selected visual fields per well in a 200× magnification were taken for each condition. The soma area of all the neurons present within these visual fields at 6 DiV was measured and their diameter was determined (non-cryo: *n* = 98 neurons; cryo: *n* = 70 neurons). Neurons were subdivided according to their diameter into neurons with a diameter larger than 40 µm (referred to in literature as type A neurons; \[[@B54-ijms-20-01058]\]) and a diameter smaller than or equal to 40 µm (referred to in literature as type B neurons; \[[@B54-ijms-20-01058]\]). The percentage of type A and type B neurons was calculated in non-cryo and cryo cultures, respectively. For the analysis of number of primary neurites (neurites directly emanating from the soma), neurite branching points, and length of longest neurite, only those neurons showing outgrowth of at least 1 neurite were taken into account (non-cryo: 72 neurons; cryo 6 DiV: 24 neurons; cryo 12 DiV: 37 neurons).

4.6. Evaluation of Neuronal CDV-Infection {#sec4dot6-ijms-20-01058}
-----------------------------------------

For evaluation of cytopathogenic effects (CPE), characterized by morphological alterations of neurons, cultures were investigated using an inverted microscope. Cultures infected with the fluorescent virus CDV-5804 PeGFP were additionally observed using an inverted fluorescence microscope on a daily basis in order to detect the earliest time-point when infection of neurons by this virus can be detected. At 6 dpi ([Figure 6](#ijms-20-01058-f006){ref-type="fig"}), cultures infected by both virus strains (CDV-5804 PeGFP and CDV R252) were fixed with paraformaldehyde (4%) and processed for immunofluorescent staining. For each virus strain, total number of neurons and number of infected neurons within each well was counted (*n* = 24 wells for each virus, non-cryo and cryo) and the percentage of infected neurons within each well was calculated. Cells double-labelled for NF and CDV-nucleoprotein or eGFP, respectively, were considered infected neurons.

4.7. Illustrations and Graphs {#sec4dot7-ijms-20-01058}
-----------------------------

Photomicrographs for illustrations were adjusted regarding contrast, brightness and sharpness, if necessary and figures were arranged using Adobe^®^Photoshop^®^ CS5 (Adobe Systems Inc., San Jose, CA, USA). Graphs were generated using GraphPad Prism 7 (GraphPad Software; La Jolla, CA, USA).

4.8. Statistics {#sec4dot8-ijms-20-01058}
---------------

Statistical analysis was performed using SPSS^®^ 25 for windows (SPSS Inc., Chicago, IL, USA). First, an explorative data analysis was undertaken and a Shapiro-Wilk test of normality was employed. Since not all of the data were normally distributed, non-parametric tests (Mann-Whitney U-test; Fisher's exact test) were used for statistical analysis. Statistical significance was designated as *p* \< 0.05.
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![Overlay of phase-contrast and immunofluorescence-images of a non-infected, non-cryopreserved canine DRG neuron at 6 DiV: green = pan-NF; blue = bisBenzimide nuclear stain. The neuron has a large, granular cell body with a phase-bright halo (arrow), is adherent to the substrate, and shows outgrowth of branched neurites (arrowhead). It is surrounded by spindeloid, bi- to multipolar glial cells with delicate processes (blue nuclei) lacking neurofilament staining. Pan-NF = pan-neurofilament, DiV = days in vitro, DRG = dorsal root ganglion.](ijms-20-01058-g001){#ijms-20-01058-f001}

![**A:** Y axis: neuronal cell yield \[number of neurons\] in cell suspensions after isolation/thawing, respectively. Cryo cultures show reduced neuronal cell yield when compared to non-cryo cultures. Non-cryo and cryo: *n* = 8 dogs. **B:** Y axis: neuronal viability \[%\] at 6 DiV. Cryo neurons show reduced viability when compared to non-cryo neurons. Non-cryo and cryo: *n* = 24 wells. **C:** Y axis: area of neuronal soma \[µm^2^\] at 6 DiV. The cell bodies of cryo neurons are generally smaller than the ones of non-cryo neurons. Non-cryo: *n* = 98 neurons, cryo: *n* = 70 neurons. **D:** Y axis: neurons expressing cleaved Caspase 3 \[%\]. A higher percentage of non-cryo neurons express the apoptotic marker cleaved Caspase 3 when compared to cryo neurons. Non-cryo and cryo: *n* = 12 wells. \* = *p* \< 0.05, \*\* = *p* \< 0.01, \*\*\* = *p* \< 0.001. Employed statistical test: Mann-Whitney U-test. DiV = days in vitro, non-cryo = non-cryopreserved, cryo = cryopreserved. Graphs show median value, quartils, minimum and maximum values.](ijms-20-01058-g002){#ijms-20-01058-f002}

![Comparative morphometric analysis of non-infected non-cryo (6 DiV) and cryo (6 and 12 DiV) neurons. **A:** Y axis: neurons showing neurite outgrowth \[%\]. Non-cryo cultures contain a higher percentage of neurons showing neurite outgrowth compared to cryo cultures. Non-cryo 6 DiV, cryo 6 DiV, and cryo 12 DiV: *n* = 24 wells. **B:** Y axis: number of primary neurites per neuron. Among the neurons showing neurite outgrowth, non-cryo neurons possess a higher number of primary neurites per neuron. Non-cryo: *n* = 72 neurons, cryo 6 DiV: *n* = 24 neurons, cryo 12 DiV: *n* = 37 neurons. **C:** Y axis: number of neurite branching points per neuron. Non-cryo neurons form a higher number of neurite branching points per neuron than cryo neurons. Non-cryo: *n* = 72 neurons, cryo 6 DiV: *n* = 24 neurons, cryo 12 DiV: *n* = 37 neurons. **D:** Y axis: length of longest neurite \[µm\] per neuron. Non-cryo and cryo neurons show no significant difference in the mean length of their longest neurite. Non-cryo: *n* = 72 neurons, cryo 6 DiV: *n* = 24 neurons, cryo 12 DiV: *n* = 37 neurons. **E--H:** Immunofluorescence-images of non-cryo (**E,G**) and cryo neurons (**F,H**) at 6 DiV; green = pan-NF, blue = bisBenzimide nuclear stain. More neurons without neurites (**F:** arrows) can be found in cryo cultures. Cryo neurons generally show fewer and less branched neurites and smaller cell bodies (**F,H**) compared to non-cryo neurons (**E,G**). \*\* = *p* \< 0.01, \*\*\* = *p* \< 0.001. Employed statistical test: Mann--Whitney U-test. Pan-NF = pan-neurofilament, DiV = days in vitro, non-cryo = non-cryopreserved, cryo = cryopreserved. Graphs show median value, quartils, minimum and maximum values.](ijms-20-01058-g003){#ijms-20-01058-f003}

![Y axis: neurons infected with different CDV strains \[%\] at 6 dpi. Cryo neurons show reduced susceptibility to infection with both CDV-strains (CDV R252 and CDV-5804 PeGFP) when compared to non-cryo neurons. Generally CDV R252 infects a higher percentage of neurons than CDV-5804 PeGFP. Non-cryo and cryo: *n* = 24 wells. \*\*\* = *p* \< 0.001. Employed statistical test: Mann--Whitney U-test., dpi = days post infection, non-cryo = non-cryopreserved, cryo = cryopreserved, CDV = canine distemper virus, eGFP = enhanced green fluorescent protein. Graphs show median value, quartils, minimum and maximum values.](ijms-20-01058-g004){#ijms-20-01058-f004}

![Immunofluorescence images of non-cryo neurons infected with CDV-5804 PeGFP (**A--C**) and CDV R252 (**D--F**) at 6 dpi. **A:** NF (red) indicates neuron with several branched neurites (arrow). **B:** eGFP-expression (green) indicating infection by CDV -5804 PeGFP in a neuron (arrow) and several glial cells. **C:** Merged image of A and B including bisBenzimide nuclear stain (blue) shows expression of eGFP indicating infection with CDV-5804 PeGFP in the cell body of the neuron (arrow) and in the cell bodies and processes of glial cells. **D:** NF (green) indicating neuron (arrow) with short, branched neurites. **E:** Red signal (CDV-nucleoprotein) is visible in the cell-body as well as the neurites of a non-cryopreserved neuron (arrow). **F:** Merged image of D and E including bisBenzimide nuclear stain (blue) indicating a neuron infected with CDV R242 (arrow) with CDV nucleoprotein present in the cell body and neurites. **A--C:** Bar = 200 µm. **D--F:** Bar = 100 µm. Non-cryo = non-cryopreserved, CDV = canine distemper virus, eGFP = enhanced green fluorescent protein, dpi = days post-infection, NF = neurofilament.](ijms-20-01058-g005){#ijms-20-01058-f005}

![Experimental design: while non-cryo neurons were directly seeded after isolation, dissociation and counting, cryo-neurons were cryopreserved an thawed after 3 months. The day the neurons were seeded represents day 0 of the experiment. Part of the cultures were fixed for comparative immunofluorescence and morphometric analysis at 6 DiV for non-cryo and cryo neurons and at an additional time-point (12 DiV) for cryo neurons. The remaining DRG neuronal cultures were infected with 2 different strains of CDV (CDV-5804 PeGFP, CDV R252) at 6 DiV and kept in culture until 12 DiV or 6 dpi, respectively, when they were processed for immunostaining and further analysis. Non-cryo = non-cryopreserved neurons, cryo = cryopreserved neurons, DiV = days in vitro, dpi = days post infection, CDV = canine distemper virus, eGFP = enhanced green fluorescent protein.](ijms-20-01058-g006){#ijms-20-01058-f006}
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Cellular composition of non-cryo and cryo cultures at 6 DiV.

  Condition                     Non-Cryo                  Cryo
  ----------------------------- ------------------------- -------------------------
  glial cells \[number/well\]   470 \*\*\* (+/− 164.21)   225 \*\*\* (+/− 104.65)
  glial cells \[%/well\]        94.63 (+/− 2.56)          93.20 (+/− 4.02)
  neurons \[number/well\]       26 \* (+/− 13.66)         18 \* (+/−15.6)
  neurons \[%/well\]            5.37 (+/− 2.56)           6.80 (+/− 5.66)

Values represent mean +/− SD; *n* = 24 wells (8 different dogs, 3 wells per dog and condition); Non cryo = non-cryopreserved, cryo = cryopreserved, DiV = days in vitro, SD = standard deviation. \* = *p* \< 0.05, \*\*\* = *p* \< 0.001. Employed statistical test: Mann-Whitney U-test.
